Taxa that are consistently found across microbial communities are often 18
cheese rinds, we tested whether taxonomically identical core microbiomes isolated from 23 distinct locations have similar assembly dynamics and functional outputs. We first 24 isolated the same three bacterial species (Staphylococcus equorum, Brevibacterium 25 auranticum, and Brachybacterium alimentarium) from nine cheeses produced in 26 different regions of the United States and Europe. Comparative genomics identified 27 distinct phylogenetic clusters and significant variation in genome content across the 28 nine core microbiomes. When we assembled each core microbiome with initially 29 identical compositions, community structure diverged over time resulting in communities 30 with different dominant taxa. The core microbiomes had variable responses to abiotic 31 (high salt) and biotic (the fungus Penicillium) perturbations, with some communities 32 showing no response and others substantially shifting in composition. Functional 33 differences were also observed across the nine core communities, with considerable 34 variation in pigment production (light yellow to orange) and composition of volatile 35 organic compound profiles emitted from the rinds (nutty to sulfury). Our work 36 demonstrates that core microbiomes isolated from independent communities may not 37 function in the same manner due to strain-level variation of core taxa. Strain-level 38 diversity across core cheese rind microbiomes may contribute to variability in the 39 aesthetics and quality of surface-ripened cheeses.
INTRODUCTION 43 Metagenomic surveys of microbial communities often describe the existence of 44 core microbiomes. Although many definitions currently exist (1) , core microbiomes are 45 generally considered to be the set of microbial taxa that are commonly found across all 46 (or many) sampled microbial communities. Many microbiomes, from plant roots to 47 wastewater treatment plants, contain a set of core taxa that are common, highly 48 abundant, and functionally significant (1) (2) (3) (4) . These core microbiomes can range from 49 just a few species to tens or hundreds of species. For example, most human skin 50 microbiomes are dominated by very similar Corynebacterium, Propionibacterium, and 51 Staphylococcus species (3, 5, 6). 52 One largely untested assumption is that taxonomically identical core 53 microbiomes will have similar community assembly patterns and functions. More 54 specifically, when comparing 16S rRNA gene sequencing surveys, samples that have 55 very similar compositions of 16S sequences are often assumed to have similar 56 functional potentials. This assumption underlies the development of taxonomy-based 57 microbiome diagnostics and tools used to predict function from taxonomic sequences 58 (7, 8) . But independent evolution or coevolution of microbial species within communities 59 may generate previously underappreciated functional diversity across core 60 microbiomes. It is widely accepted that microbial genomes are highly variable within 61 species due to rapid rates of evolution and potential for lateral gene transfer (9-11). 62 Moreover, we know from decades of work in microbial ecology, physiology, and 63 genomics that there is considerable within species trait variation in microbes (12-14). 64 For example, a set of 11 strains of Brevundimonas alba isolated from the same 65 freshwater habitat had identical 16S rRNA sequences, but highly divergent carbon 66 utilization profiles and growth rates (15). This intraspecific trait diversity could be 67 ecologically significant, but the impact of strain-level diversity on core microbiome 68 assembly and function is poorly understood (16). 69 Cheese rinds provide an ideal opportunity to test whether taxonomically identical 70 core microbiomes have similar assembly dynamics and functions and more generally 71 the causes and consequences of core microbiome diversification. Rinds form on the 72 surfaces of cheeses aged in an aerobic environment and are composed of bacteria, 73 yeasts, and filamentous fungi (17) (18) (19) . Our previous work used amplicon and shotgun 74 metagenomics to describe the bacterial and fungal diversity of 137 cheese rinds from 75 the United States and Europe (17). Three bacterial genera -Staphylococcus, 76 Brevibacterium, and Brachybacterium -were the most frequently detected across 77 cheese rinds and can be considered a core microbiome. Through variation in abiotic 78 and biotic selection pressures applied during cheese production and aging, including 79 abiotic (salinity, pH, resource availability) and biotic (presence of bacterial and fungal 80 neighbors), core cheese microbiomes have the potential to evolve new genotypes and 81 phenotypes with divergent functions. 82 Here we characterize core microbiome members across cheese rind 83 communities and determine the consequences of core microbiome diversification for 84 community assembly and function. We isolated the same three species of bacteria - Europe ( Fig. 1A-B ). These nine sets of three co-isolated bacterial species are referred 89 to as taxonomically identical core microbiomes throughout the rest of the paper 90 ( Fig. 1C) . The three taxa represent the most common species of the three most 91 abundant bacterial genera in cheese rinds (17, 20) . Staphylococcus, Brevibacterium, 92 and Brachybacterium enter the dairy environment from the raw milk used for cheese 93 production and therefore have the potential to co-occur and adapt to abiotic and biotic 94 conditions within local cheese production facilities (21-23). Each species has a distinct 95 colony morphology ( Fig. 1B) making it easy to track composition in experimental 96 communities. We predicted that intraspecific variation of core microbiome members 97 across cheese rind communities would cause differences in community structure over 98 time. We also predicted that strain-level diversity across core microbiomes would result 99 in differences in community functions relevant for cheese aging, including pigmentation 100 of the cheese rind biofilm and the production of aroma compounds.
101

RESULTS
102
Variation in genome content across taxonomically identical core microbiomes 103 To determine genomic variation across the nine taxonomically identical core 104 microbiomes, we constructed draft genomes of each strain (Table S1 ). We used single-105 nucleotide polymorphisms (SNPs) in the core genes shared across all nine communities 106 to determine phylogenomic divergence of each of the core communities (24). We then 107 determined variation in functional gene content across the nine core communities using 108 PGAP (25). For functional gene content analysis, we focused on accessory genes that 109 were uniquely present in only one community as these genomic traits may help drive 110 divergence in core microbiome functions. 111 Across the nine communities, 8,069 gene clusters were shared among all three 112 species, making up the core metagenome of these communities. Using SNPs identified 113 in this core metagenome with PanSeq, clear phylogenomic divergence across the nine 114 cheese communities was apparent ( Fig. 2) . C1 was distant from the other eight core 115 microbiomes, driven by the highly divergent Staphylococcus genome in this community. 116 The eight other core microbiomes clustered into two broad phylogenomic groups: one 117 containing C6 and C2, and the other containing the remaining six communities (Fig. 2) . 118 The total number of unique accessory gene clusters across the nine communities 119 was highly variable, ranging from 246 (C5) to 630 genes (C3) (Fig. 2 , Table S2 ). 120 Variability in the abundance of accessory gene clusters was most prominent in 121 Staphylococcus (ranging from 36-280 unique gene clusters across strains) and 122 Brevibacterium (ranging from 72-213 unique gene clusters) suggesting that these taxa 123 have the most dynamic accessory gene content in the cheese rind core metagenome. 124 Several biological processes were significantly enriched in core communities 125 ( To determine how strain-level differences across communities impact assembly 159 dynamics, we used in vitro community assembly assays to measure total colony forming 160 units (CFU) and community composition (relative abundance of each species) ( Fig. 3A) . 161 Communities were quantified at three and ten days after inoculating equal amounts of 162 each of the three bacterial species on the surface of cheese curd agar. Our previous 163 work demonstrated that this assay mimics in situ community dynamics (17, 27).
We 164 acknowledge that real cheese rind communities would develop over much longer time 165 scales (weeks to months). In the context of this work, we used the community assembly 166 assay in a standardized environment to demonstrate the potential for divergence in 167 community assembly. 168 At both three and ten days of community assembly, there were nearly no 169 differences in total community abundance as measured by combined CFU of all three The salt diffuses into the cheese and eventually equilibrates to around 3% salt in 215 the rind environment of many cheeses. Core cheese rind microbiomes also experience 216 interactions with fungi, ranging from yeasts (e.g. Debaryomyces and Galactomyces 217 species) to molds (Fusarium, Scopulariopsis, and Penicillium species) (17, 20, 30).
218
Penicillium species are widespread in cheese rinds and can strongly inhibit diverse 219 cheese rind bacteria (17, 27, 31) potentially through the production of secondary 220 metabolites or other mechanisms. 221 To determine how the nine core microbiomes respond to salt and fungal 222 perturbations, we used the same community assembly assay described above with the 223 addition of two treatments: a 6% NaCl treatment and a +Penicillium treatment. We used 224 a strain of Penicillium that was isolated from a natural rind cheese and was previously 225 demonstrated to inhibit cheese rind bacterial growth (17). Across isolates of all three 226 taxa, both the 6% NaCl and +Penicillium treatments caused a general decrease in total 227 growth across all nine core microbiomes with +Penicillium causing stronger growth 228 inhibition ( Fig. 4A) . Core microbiomes had variable responses to the two perturbations. 229 The Penicillium perturbation caused the most significant shifts in community 230 composition with six out of nine core communities showing significant changes in 231 community composition ( Fig. 4B-C Brevibacterium increased in relative abundance.
237
Strain-level diversity of cheese rind core microbiomes drives divergent pigment 238 and aroma production 239 Our experiments above demonstrate that strain-level diversity of the core cheese 314 community assembly dynamics of cheese rind core microbiomes. 315 The evolutionary processes that have generated the divergent species and 316 community-level responses of our core cheese microbiomes are currently unknown. It is 317 possible that each core microbiome has experienced different evolutionary histories in 318 each cheese production environment. As new batches of cheese are introduced to a 319 cave environment, communities may be repeatedly transferred to these new cheeses. 320 This repeated colonization of the cheese substrate could allow each of the core 321 microbiomes to evolve collectively as a community in the individual production 322 environments (48). Each environment may have unique abiotic selection pressures, 323 including salt concentrations, milk composition, and temperature that could shape the 324 evolutionary trajectories of these communities. The core microbiomes could also 325 experience highly divergent biotic environments. For example, these core communities 326 were isolated from cheeses with variable fungal environments, ranging from yeast to 327 filamentous fungi (17). Future work using experimental evolution to attempt to create 328 divergent communities from an ancestral core microbiome should begin to help us 329 understand the drivers of core microbiome diversification. 330 Our model communities represent the widespread bacterial taxa found in cheese 331 rinds. We acknowledge that these communities have several constraints that may 332 impact translation of our results to other systems. First, our communities only had three 333 bacterial species. While some widespread microbiomes have low species diversity (5, 334 49), many microbiomes have much higher levels of diversity. Would taxonomically 335 identical core microbiomes with higher taxonomic diversity also demonstrate divergence 336 in assembly and functions? With greater potential for higher-order interactions and a 337 higher number of potential functions with increasing species diversity, we predict that 338 increasing diversity may lead to even more divergent communities. Our model 339 communities also used a single strain of each species within each core microbiome. In 340 constructing our communities, we chose to ignore potential intraspecific variation within 341 each of the nine core communities and assumed that the isolated taxa represented the 342 most common genomic type of the species within each of the core communities. 343 Metagenomic sequencing studies have identified multiple co-existing strains of the 344 same microbial species (3, 16, 56-60) and these strains may interact with each other 345 and other community members to impact community composition. It would be 346 fascinating to see how including intraspecific diversity within core microbiomes may 347 impact community assembly and function. 348 In a large amplicon-sequencing study of cheese rind microbiomes, we
349 demonstrated that taxonomically identical cheese rind communities could form in very 350 different cheese-making regions (17). This was surprising given that these cheeses 351 have divergent sensory properties. Many of these differences could be driven by 352 ingredients, length of aging, or other cheese processes. Our current findings suggest 353 that the variability in the qualities of surface-ripened cheeses could also be driven by 354 strain-level differences across the cheese communities. We acknowledge that our lab genome. Failed reads were removed from libraries and reads were trimmed to remove low 401 quality bases and were assembled to create draft genomes using the de novo assembler in 402 CLC Genomics Workbench 8.0. Assembled genomes were annotated using RAST(61). All 403 genome assemblies have been deposited in NCBI (accession numbers in Table S1 ). 404 To identify phylogenomic relationships between each of the nine core 405 communities, we used PanSeq (24) The database was annotated to include the same GC/MS information described above. 498 In contrast, if peak scans differed (an unresolved peak), the software searched for 3-5 499 invariant scans, averaged their spectra, and then subtracted the average spectrum from 500 the TIC signal. This process was repeated until the residual signal at each scan 501 approximated background noise. If peak signals failed to meet the user-defined criterion 502 below, no additional information was obtained. Table S1 : Overview of bacterial strains and genomes used in this study 808 809 Table S2 : Distribution of gene clusters in the three taxa from each of the nine core 810 microbiomes. When a cell is filled, it indicates that a predicted gene belongs to a gene 811 cluster (row). In some communities, multiple genes belong to a single gene cluster. The 812 identifiers in the cells are the gene IDs of each of the genomes based on the RAST 813 annotation of that genome. 814 815 Table S3 : Enrichment of SEED subsystem categories in core microbiomes based on 816 Fisher's exact test. 817 818 Table S4 : Relative peak area of each volatile organic compound detected from the 819 experimental cheese communities. The "_1, _2, etc." indicates replicates within each of 820 the nine core communities. 821 822
